Introduction {#sec1}
============

Cell migration is critically important in diverse physiological contexts such as development, immune response, and wound healing, and pathological contexts such as cancer. For example, cell migration allows cancer cells to move away from the tumor, enter and exit blood and lymph vessels, and migrate to secondary tumor sites, in a process called metastasis.^[@ref1],[@ref2]^ Metastasis is one of the main causes of mortality in cancer patients and consequently diagnostics aimed at predicting or therapeutic interventions aimed at halting metastasis are attractive. Cell migration can be random, but often it is directed.^[@ref3]^ Directed cell migration allows for more efficient movement toward specific targets. Cues in the extracellular environment that direct migration are numerous and can either cooperate or compete to direct migration.^[@ref4]^ These cues include gradients in growth factors or extracellular matrix (ECM) concentration, mechanical properties, or electric field. Gradients often bias migration toward targets and are thus monodirectional. Aligned fibers composed of ECM also direct cell migration. However, aligned fibers bias migration along their long axis and are thus bidirectional. This type of directed migration is called contact guidance.^[@ref5]^ Contact guidance specifically impacts wound healing,^[@ref6]^ immune response,^[@ref7]^ neuronal development and repair,^[@ref8]^ and cancer metastasis.^[@ref9]^ However, even though cell migration can be directed through several different cues, the fundamental processes carried out during cell migration appear to be conserved.^[@ref10]^

Cell migration proceeds in steps: protrusion, adhesion, and contraction, which result in traction force generation and tail retraction.^[@ref10]^ In 3D environments the additional step of ECM degradation is usually included.^[@ref11]^ The cell senses contact guidance cues via adhesion between receptors such as integrins and the fibers. Much of this work has been conducted on ridges that mimic ECM fibers showing that contact guidance cues act to align focal adhesions^[@ref12]−[@ref14]^ and the actin cytoskeleton,^[@ref12],[@ref13],[@ref15],[@ref16]^ resulting in directional migration. Along with focal adhesions and the actin cytoskeleton, the ability of cells to transmit force seems to play a role as decreasing contractility seems to diminish contact guidance fidelity on microcontact printed lines of collagen type I.^[@ref17]^ Migrational steps are organized differently in different cells, resulting in a developing hypothesis that cells adopt different modes of migration.^[@ref18]^ Single cell modes include the amoeboid, mesenchymal, blebbing,^[@ref19]^ lobopodial,^[@ref20]^ and cytoskeletal independent modes of migration.^[@ref21]^ Of these, the amoeboid and mesenchymal seem to be the best characterized.^[@ref18]^ The amoeboid mode of migration is proteinase independent. These cells are also dependent on myosin contractility to squeeze through pores, but tend to not bind the ECM strongly. The mesenchymal mode of migration is proteinase dependent. These cells are less dependent on myosin contractility as they can degrade matrix to generate larger pores, but tend to bind the matrix more strongly. Whether amoeboid or mesenchymal, cells must still interact with the ECM, even if weakly or nonspecifically. The ECM that surrounds the tumor is often composed of a dense but porous network of entangled and perhaps cross-linked collagen type I.^[@ref22]^

Collagen type I is a heterotrimer that assembles into fibrils with tightly regulated ultrastructural characteristics such as D-periodic banding.^[@ref23]^ This structure is a hallmark of biologically relevant collagen fibrils and is critical for contact guidance.^[@ref24]^ Collagen fibrils can be aligned and bundled into fibers through contractility mediated mechanisms in some tissues.^[@ref25],[@ref26]^ In particular, the tissue surrounding breast tumors appears to undergo a dramatic change, whereby fibers are no longer oriented parallel to the tumor margin, but are oriented perpendicularly to the tumor margin.^[@ref9]^ This facilitates directed migration of cancer cells to the surrounding tissue during invasion and metastasis. Additionally, the density and mechanical properties of collagen ECM has been suggested as a good indicator of future invasion and metastasis.^[@ref9],[@ref27]^ Consequently, to better understand fundamental cell biology and design better diagnostic strategies, it is important to understand how cell migration is quantitatively altered in response to collagen fiber characteristics such as degree of alignment, diameter, density, and mechanical properties, as well as among different cells with intrinsically different migrational modes. This requires using systems where collagen fibril (or fiber) characteristics can be altered and assessing cell migration behavior across several different cell lines.

The past 10 years have seen a dramatic increase in the engineering approaches by which to fabricate fiber networks with specific fiber characteristics. In particular, several techniques have emerged to generate aligned fibers or fiber-like entities. These methods include fabricating ridges,^[@ref28]^ electrospinning,^[@ref29]^ fiber drawing,^[@ref30]^ epitaxial growth,^[@ref31]^ microcontact printing,^[@ref32]^ flow-based alignment,^[@ref33],[@ref34]^ and magnetic bead alignment.^[@ref35]^ Surprisingly, these approaches have not been fully utilized to understand contact guidance. Here we focus on the elegant and simple approach of epitaxially growing collagen type I (hereafter referred to as collagen) fibrils on mica to generate fibril structures with different organizational characteristics. Collagen in solution adsorbs to freshly cleaved mica surfaces and assembles into fibrils. Collagen fibril assembly is governed by collagen--collagen and collagen--mica electrostatic interactions.^[@ref36],[@ref37]^ The interaction with mica is due in part to potassium ions that remain on the surface after cleavage.^[@ref37]^ Solution phase conditions such as the collagen concentration and incubation time determine fibril size and density,^[@ref37]−[@ref201]^ the pH of the solution determines fibril density and alignment,^[@ref38],[@ref39]^ and the ionic species determine the fibril density, alignment, and presence of D-banding.^[@ref39]−[@ref41]^ Because potassium ions seem to be important in initiating D-banding, others have examined different potassium ion concentrations, and they appear to regulate fibril size, density, and alignment.^[@ref201]−[@ref39]^ Finally, muscovite mica orders collagen differently than phlogopite mica.^[@ref201],[@ref41]^ The geometry of epitaxially grown collagen fibrils resembles a thin tape as opposed to a cylinder as seen in vivo. However, there are several advantages to this approach over other approaches described above, including the ease in forming a diverse set of structures and efficiency in forming D-bands with similar spacing as those seen in collagen fibrils in vivo. While these substrates have been used to assess the effect of D-banding on fibroblast contact guidance^[@ref24]^ and the coupling of adhesion and proteinase activity,^[@ref42]^ they have not been used to assess contact guidance across different collagen structures and among different cell types.

In this paper, we generated several different organizational patterns of collagen and assessed how cell morphology, orientation, and contact guidance behavior depended on the collagen organization. Highly organized collagen fibrils generated robust contact guidance. Less well organized fibrils induced contact guidance, but to a lesser extent. Disorganized collagen fibrils and physically adsorbed collagen allowed cells to spread, but did not direct migration. We examined this behavior in two different breast cancer cell types and found profound differences. MDA-MB-231 cells which migrate with a mesenchymal mode of migration and which exert high traction force were highly directional, but MTLn3 cells which migrate with an amoeboid mode of migration and which exert lower traction force were not directional at all, even though they spread and migrated well on the aligned fibrils. This demonstrates that different contact guidance cues can bias cell migration differently and the fidelity of contact guidance is highly dependent on cell type, suggesting that the ECM alignment is a permissive cue for contact guidance, but requires a cell to have certain properties in order to interpret that cue. Collagen fibrils assembled on mica offer an interesting platform on which to exquisitely tune contact guidance signals and examine cellular responses at the level of migration.

Experimental Section {#sec2}
====================

Reagents and Cells {#sec2.1}
------------------

A rat mammary basal^[@ref43]^ adenocarcinoma cell line (MTLn3, Jeffrey E. Segall, Albert Einstein College of Medicine) was maintained in subculturing media at 37 °C in 5% CO~2~. Subculturing media for MTLn3 cells was MEMα (Life Technologies, Grand Island, NY, USA) containing 5% fetal bovine serum (Life Technologies) and 1% penicillin--streptomycin (Life Technologies). A human mammary basal/claudin low^[@ref44]^ carcinoma cell line (MDA-MB-231, ATCC, Manassas, VA, USA) was maintained in cell culture media at 37 °C in 5% CO~2~. Subculturing media for MDA-MB-231 cells was DMEM (Life Technologies) containing 10% fetal bovine serum (Life Technologies) and 1% penicillin--streptomycin (Life Technologies). Imaging media was the same as the subculturing media, with the exception that no phenol red was included and that 12 mM HEPES (Sigma-Aldrich, St. Louis, MO, USA) was included. High concentration non-pepsin-treated rat tail collagen type I (BD Bioscience, Hampton, New Hampshire, USA) was used.

Collagen Substrate Treatment {#sec2.2}
----------------------------

Freshly and uniformly cleaving mica is a required step in assembling reproducible collagen fibril fields. A 15 mm × 15 mm piece of muscovite mica (highest grade VI, Ted Pella, Redding, CA, USA) was freshly cleaved using tape. A flat layer of the mica that remained on the tape was discarded. Collagen type I was diluted in the buffer solution to the proper concentration and the buffer solution was incubated on the mica at room temperature. After incubation the collagen solution was washed with distilled water, the mica was laid against the edge of a tissue culture dish, and the mica was allowed to dry overnight and used the next day. There were four different buffer solutions. Buffer solution 1 consisted of 50 mM Tris-HCl (Fisher Scientific, Hampton, New Hampshire, USA) and 200 mM KCl (Fisher Scientific) at pH 9.2. Buffer solution 2 consisted of 50 mM Tris-HCl and 200 mM KCl at pH 7.5. Buffer solution 3 consisted of 50 mM citric acid-sodium citrate (Fisher Scientific) and 200 mM KCl at pH 4.3. Buffer solution 4 consisted of 50 mM citric acid-sodium citrate and 0 mM KCl at pH 4.2.

Atomic Force Microscope (AFM) Imaging and Analysis {#sec2.3}
--------------------------------------------------

A Dimension 3100 scanning probe microscope with Nanoscope IV controller (Veeco Metrology, LLC, Santa Barbara, CA) was utilized to obtain height images of collagen fibrils on mica. Imaging was conducted in tapping mode using silicon TESP7 AFM tips (Veeco Metrology, LLC, Santa Barbara, CA) with a spring constant of ∼79 N/m and resonance frequency of ∼269 kHz. Roughness of type I collagen fibrils was calculated by computing the standard deviation of the height over a 5 μm × 5 μm scan area. Fast Fourier transform (FFT) aspect ratio processing steps are shown in [Supporting Information Figure 1](#notes-2){ref-type="notes"} and all steps were carried out in ImageJ. An image representing the FFT was computed in ImageJ. This FFT operation translates spatial information into frequency information and is thus useful in quantifying repeating patterns and length scales. This FFT image was binarized based on a threshold that was two standard deviations higher than the FFT image average, resulting in a shape centered at the origin. Several serial image processing steps were conducted in ImageJ in order to eliminate small objects and fill holes in the dominant shape centered at the origin. The following processing steps were used in order: fill holes (4 connected background elements), erode, dilate, open, and close (structured element for erosion, dilation, opening and closing is a 3 × 3 matrix). These were followed by another erode and open function. Finally, an ellipse was fit to the zero order signal using the analyze particles function in ImageJ, which was always the largest continuous shape. The aspect ratio was defined as the long axis divided by the short axis of the ellipse. Fibril height was calculated by fitting the height distribution with a Gaussian function and determining the peak width at 30% of the maximum height. Under this criterion the thickness of the unpolymerized collagen was roughly 1.5 nm, which matches well with the known diameter of the collagen heterotrimer. Fibril height could not be unambiguously determined given the high density of the fibril fields and some uncertainty as to whether the AFM tip could at times penetrate to the mica layer below. Fibril width and length were measured manually using ImageJ. While there is high confidence in fibril width, fibril length is a bit more difficult to measure given some ambiguity in where fibrils start and stop.

Live Cell Imaging {#sec2.4}
-----------------

MDA-MB-231 cells were incubated for 1 h and MTLn3 cells were incubated for 12 h on organized type I collagen substrates in imaging media. Mica with type I collagen fibrils and cells attached to the fibrils were inverted onto two strips of double-sided tape attached to a microscope slide to generate a flow chamber. The chamber was filled with imaging media and sealed with VALAP. Chambers were imaged by phase contrast microscopy on a heated stage at 37 °C every 2 min for 12 h. Images were captured at 10× (NA 0.50, Nikon) with a charge-coupled device (CoolSNAP HQ2, Photometrics) attached to an inverted microscope (Ti-E, Nikon) that was driven by μManager.^[@ref45]^ Cell centroids were identified and tracked manually using the MTrackJ plugins of ImageJ. Cell speed and directionality were calculated over a time lag of 2 min averaged over 12 h as described in a previous paper.^[@ref17]^

Immunofluorescence Imaging {#sec2.5}
--------------------------

MDA-MB-231 cells were incubated for 4 h and MTLn3 cells were incubated for 12 h on organized type I collagen, fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton-X, and stained for F-actin, a cytoskeletal protein and paxillin, an adhesion protein. F-actin was stained using Alexa 488-phalloidin (Life Technologies) and paxillin was stained using mouse-anti-paxillin antibody (349, BD Biosciences) and a donkey-anti-mouse Cy3 antibody (Jackson Immuno Research). Fixed and stained cells were imaged by epifluorescence using a 60× oil objective (NA 1.49, Nikon) on the same microscope as described above. Aspect ratio for each cell was calculated by dividing the length of each cell by its width. Orientation was only calculated for cells with an aspect ratio ≥1.3.

Calculating and Fitting Cell Orientation Distributions {#sec2.6}
------------------------------------------------------

Of the cells that were adequately elongated (aspect ratio ≥1.3), the orientation direction was calculated along the long axis of the cell. Orientation distributions across experimental replicates over several days were aligned and the dominant peak was set at 30°, given that the fibril orientation and cell orientation were not readily imaged simultaneously. Furthermore, orientation distributions were fitted by double Gaussians governed by the following equation:where *f* is the frequency fraction and θ is the orientation angle in deg. The second and fourth term arise in order to ensure that the Gaussian is propagated periodically. For wide distributions (large *b*~1~ and *b*~2~), the left tail of the Gaussian at 30° contributes to fractions around 180° and the right tail of the Gaussian at 90° contributes to fractions around 0°. Confidence intervals of 95% were calculated using the nlparci function in Matlab (Mathworks), which uses the fitting residuals and the Jacobian of the fitting equation to estimate the 95% confidence intervals on fitting parameters. A peak was assigned only if the confidence interval of *a*~1~ or *a*~2~ was greater than zero and if that of *b*~1~ or *b*~2~ was less than 30°. Wide distributions are less likely to be peaks. If either of these criteria was not achieved, fits to either a single Gaussian (terms 1 and 2 of eq [1](#eq1){ref-type="disp-formula"}) or a constant value were used.

Results and Discussion {#sec3}
======================

Characterization of Collagen Organization on Mica {#sec3.1}
-------------------------------------------------

Determining the contact guidance fidelity of migrating cells requires tight control over the organization of the ECM. It is well-established that collagen fibrils epitaxially grow on mica surfaces. Furthermore, the fibril characteristics can be controlled by solution phase properties such as pH, ionic strength, ion species, incubation time, and collagen concentration. In this paper, we characterize collagen organization using atomic force microscopy (AFM) under six conditions (Figure [1](#fig1){ref-type="fig"}A--F). Conditions were chosen to yield a diversity of collagen organizational patterns, including highly aligned fibrils of large width and height (Figure [1](#fig1){ref-type="fig"}A), multidirectional fibrils of intermediate width and height (Figure [1](#fig1){ref-type="fig"}B), poorly aligned fibrils of small width and height (Figure [1](#fig1){ref-type="fig"}C and D), and punctate spots (Figure [1](#fig1){ref-type="fig"}E). In addition, bare mica was also assessed (Figure [1](#fig1){ref-type="fig"}F). As seen previously, solutions with high pH and/or long incubation times/high collagen concentrations produced the largest fibrils (Figure [1](#fig1){ref-type="fig"}G,H; see A and B). Solutions with intermediate to low pH coupled with short incubation times/low collagen concentrations produced smaller fibrils (Figure [1](#fig1){ref-type="fig"}G,H; see C and D). Finally, solutions with low pH with no potassium ions inhibited fibril formation. The degree of fibril alignment was quantified by examining the fast Fourier transform (FFT) of the image and measuring the aspect ratio of the zero order signal after image processing as described in the [Experimental](#sec2){ref-type="other"} section ([Supporting Information Figure 1](#notes-2){ref-type="notes"}). Randomly organized fields (E and F) or fibril fields with dominant angles that are nearly perpendicular (B) should have an aspect ratio close to 1, and highly aligned fibrils (A) should have a large aspect ratio (Figure [1](#fig1){ref-type="fig"}I). The highly organized, large collagen fibrils show a characteristic D-banding along their length, producing stripes in the FFT oriented perpendicularly to the fibril orientation ([Supporting Information Figure 1A](#notes-2){ref-type="notes"}). Consequently, the long axis of the high-intensity zero-order signal is perpendicular to the orientation axis of the fibrils. In addition to the FFT aspect ratio, the roughness of the surface was calculated showing that fibrils of larger diameter (A and B) were rougher than the smaller fibrils (C and D), collagen pucta (E), or bare mica (F) (Figure [1](#fig1){ref-type="fig"}I). Comparison of the roughness of condition A with the roughness of condition C, D, or E using a two-tailed, unequal variance Student's *t*-test yielded *p* values of less than 0.05. Comparison of the roughness of condition B with the roughness of condition C, D, or E yielded *p* values of less than 0.05, except for E which yielded a *p* value of 0.095. Finally, when roughnesses of A and B as well as C and D were grouped together the *p* values for comparison in roughness between groups AB and CD or E were both less than 0.05. All conditions were at least twice as rough as bare mica. Given this surface characterization of the collagen organization, we were interested in determining cell adhesion and migration behavior on the different collagen organizational patterns.

![Characterization of collagen organization on freshly cleaved mica using atomic force microscopy (AFM) under six conditions: (A) pH 9.2, 200 mM KCl, 10 μg/mL collagen, 1.5 h incubation time; (B) pH 7.5, 200 mM KCl, 100 μg/mL collagen, 3 h incubation time; (C) pH 7.5, 200 mM KCl, 100 μg/mL collagen, 20 min incubation time; (D) pH 4.3, 200 mM KCl, 10 μg/mL collagen, 20 min incubation time; (E) pH 4.2, 0 mM KCl, 100 μg/mL collagen, 3 h incubation time; and (F) bare mica. Top: 5 μm × 5 μm scan (calibration bar length = 1 μm). Bottom: 1 μm × 1 μm enlarged region outlined in the square above (calibration bar length = 200 nm). (G) Fibril length and width. (H) Fibril height and width. Each data point was generated from a sample image from one independent collagen deposition experiment. Error bars are 95% confidence intervals for fibril length and width were determined from measuring \>10 fibrils per image. (I) FFT aspect ratio and surface roughness. A: black squares, B: black circles, C: gray circles, D: gray triangles, E: open triangles, and F: open diamond.](la-2014-03254x_0007){#fig1}

Breast Cancer Cell Morphology and Migration Behavior on Epitaxially Grown Collagen Fibrils {#sec3.2}
------------------------------------------------------------------------------------------

A well-characterized cell line (MDA-MB-231) was used. These cells adhere and migrate on collagen fibrils, are contractile, and adopt a mesenchymal mode of migration, which is characterized by high proteinase activity coupled with adhesion to the ECM. MDA-MB-231 cells were plated on the six different substrates characterized in Figure [1](#fig1){ref-type="fig"} and were fixed and stained for both F-actin, a cytoskeletal protein, and paxillin, an adhesion protein. Cells were spread and elongated on the highly aligned fibrils of large width and height (Figure [2](#fig2){ref-type="fig"}A). Cells were spread, but not elongated on other fibril organizations and punctate collagen (Figure [2](#fig2){ref-type="fig"}B--E). Finally, cells did not spread on the bare mica (Figure [2](#fig2){ref-type="fig"}F). High resolution images show that focal adhesions and bundles of F-actin are generated on any substrate with collagen. Aligned collagen fibrils of large width and height result in elongation of both focal adhesions and F-actin bundles (Figure [3](#fig3){ref-type="fig"}). The cell morphology was quantified by calculating an aspect ratio of the cell from the length and width measurements and agreed with the qualitative observations (Figure [2](#fig2){ref-type="fig"}G). Cell aspect ratios were divided into groups including cells that were elongated (white), slightly elongated (gray), not elongated, but spread (dark gray), and not spread (darkest gray). The population of cells was not homogeneous, so the fraction of cells in each aspect ratio group was plotted and showed a consistent trend of a shift in the distribution from elongated, spread cells, to unspread cells as the organization of the collagen decreased (A--F) (Figure [2](#fig2){ref-type="fig"}H).

![Morphology and orientation of MDA-MB-231 cells under six organized collagen assembly conditions. (A--F) Conditions shown in Figure [1](#fig1){ref-type="fig"}A--F. Representative cells are shown stained for F-actin. Calibration bar length = 30 μm. (G) Cell aspect ratio was calculated for cells by examining F-actin images for conditions shown in Figure [1](#fig1){ref-type="fig"}A--F (A. (*N*~days~ = 5 and *N*~cells~ = 909), B. (*N*~days~ = 3 and *N*~cells~ = 550), C. (*N*~days~ = 3 and *N*~cells~ = 427), D. (*N*~days~ = 3 and *N*~cells~ = 316), E. (*N*~days~ = 3 and *N*~cells~ = 526), F. (*N*~days~ = 3 and *N*~cells~ = 165)). Different gray values indicate arbitrary, evenly spaced cell aspect ratio ranges. Error bars are 95% confidence intervals. H. The frequency fraction of cells within each aspect ratio range denoted with the same gray levels as shown in G and for conditions shown in Figure [1](#fig1){ref-type="fig"}A--F. (I--M) Angle distributions of cells for conditions shown in Figure [1](#fig1){ref-type="fig"}A--F with aspect ratios \>1.3 (A. (*N*~days~ = 4 and *N*~*cells*~ = 575), B. (*N*~days~ = 2 and *N*~cells~ = 362), C. (*N*~days~ = 2 and *N*~cells~ = 294), D. (*N*~days~ = 2 and *N*~cells~ = 113), E. (*N*~days~ = 2 and *N*~cells~ = 294)). Gray bars correspond to ∼60° spacing between peaks 1 and 2.](la-2014-03254x_0008){#fig2}

![Morphology and protein localization of MDA-MB-231 cells under six differently organized collagen substrates. (A--F) Cells were plated under conditions shown in Figure [1](#fig1){ref-type="fig"}A--F and stained for Top: F-actin and Bottom: a focal adhesion marker, paxillin. Calibration bar length = 30 μm.](la-2014-03254x_0009){#fig3}

High cell elongation does not necessarily indicate high cell alignment with the fibrils or a high degree of contact guidance, so the orientation distributions of the cells were calculated as well. The highly aligned fibrils of large width and height generated two peaks, which were offset by 60° (Figure [2](#fig2){ref-type="fig"}I). While across one coverslip the alignment direction is fairly homogeneous, other less frequent directions are seen (Figure [4](#fig4){ref-type="fig"}A). This contrasted with the no fibril condition that showed random alignment (Figure [4](#fig4){ref-type="fig"}B). Mica is hexagonally ordered, leading to a threefold symmetry. However, others have shown that collagen fibril orientation is set by surface charge polarity^[@ref37]^ established by parallel and alternating lines of silicon oxide above and below the surface plane in the \[1 1 0\] direction.^[@ref40]^ When mica is incompletely cleaved, steps corresponding to a different layer of mica can remain on the surface at some places on the sample. These two different mica layers might have a difference in the orientation direction of these lines of silicon oxide above and below the surface plane, leading to alternative collagen fibril and cell orientations at ±60° over large length scales (∼1000 μm). The multidirectional fibrils of large width and height display multiple directions, even on small length scales (∼5 μm), so the orientation peaks are much less pronounced (Figure [2](#fig2){ref-type="fig"}J). The other fibril orientations show solitary peaks (Figure [2](#fig2){ref-type="fig"}K) or no peaks at all (Figure [2](#fig2){ref-type="fig"}L). Punctate collagen also shows no peak at all (Figure [2](#fig2){ref-type="fig"}M). We quantified the correlation between either the cell aspect ratio or cell orientation peak height and FFT aspect ratio or surface roughness using the Pearson correlation coefficient. Cell aspect ratio correlated better with surface roughness (*r* = 0.77) than FFT aspect ratio (*r* = 0.099). On the other hand, cell orientation peak height correlated slightly better with FFT aspect ratio (*r* = 0.37) than surface roughness (*r* = 0.33). These data along with those in Figure [2](#fig2){ref-type="fig"} indicate that the aligned collagen fibrils of large width and height, and to a lesser extent the multidirectional collagen fibrils of large width and height are best able to generate elongation and orientation in MDA-MB-231 cells, suggesting they are better contact guidance substrates. Given this, we examined the contact guidance fidelity directly by measuring the directionality of MDA-MB-231 cells migrating on these organizational patterns of collagen. MDA-MB-231 cells were plated on substrates shown in Figure [1](#fig1){ref-type="fig"}A and B, imaged over 12 h (Figure [5](#fig5){ref-type="fig"}A) and cell nuclei were tracked. Cell directionality was calculated using the following equation:where *N* is the number of time intervals contained in an individual cell track and θ~*i*~ is the angle of the cell movement with respect to the collagen fibrils. The directionality essentially quantifies the projection of cell displacement along the long axis of the fibrils, thus giving a good representation of the contact guidance fidelity. A directionality of 1 defines a situation where a cell only moves in two directions along the fibril (0° and 180°). A directionality of 0 defines a situation where a cell moves randomly or at a 45° with respect to the fibrils. Finally, a directionality of −1 defines a situation where a cell moves perpendicularly with respect to a fibril (90°). MDA-MB-231 cells show high directionality on aligned collagen fibrils of large width and height and a lower directionality on the multidirectional collagen fibrils of large width and height (Figure [5](#fig5){ref-type="fig"}). MDA-MB-231 cells do not directionally migrate on unpolymerized collagen substrates (Figure [5](#fig5){ref-type="fig"}). Cell migration speed on collagen fibril substrates showed the opposite behavior. Multidirectional collagen organization resulted in high speed, whereas aligned collagen organization resulted in lower speed (Figure [5](#fig5){ref-type="fig"}B). Cell speed on unpolymerized collagen substrates was low and similar to that on the aligned collagen fibrils (Figure [5](#fig5){ref-type="fig"}B). The migrational behavior on collagen fibrils agrees with many studies showing that directional persistence is often inversely dependent on cell migration speed.^[@ref46]^ This suggests that MDA-MB-231 cells are sensitive to aligned collagen fibrils, leading to high fidelity contact guidance. This is important given that in vivo data indicate the presence of aligned collagen fibrils in the tumor microenvironment in breast cancer.

![Cell orientation of MDA-MB-231 cells from images taken on different areas of the epitaxially grown collagen for dense monodirectional fibrils (Figure [1](#fig1){ref-type="fig"}A, pH 9.2, 200 mM KCl, 10 μg/mL collagen, 1.5 h incubation time) and no fibrils (Figure [1](#fig1){ref-type="fig"}E, pH 4.2, 0 mM KCl, 100 μg/mL collagen, 3 h incubation). The coverslip is roughly 25 mm × 25 mm and each image field is roughly 0.4 mm × 0.4 mm. The arrow direction indicates the average cell orientation direction in an image field and the arrow weight is inversely proportional to the standard deviation of directions in an image field. A large standard deviation is denoted by a light weight and a small standard deviation is denoted by a heavy weight. For random cell orientation angles, the average orientation is 90° (pointing upward) and the line weight approaches zero.](la-2014-03254x_0001){#fig4}

![Migration behavior of MDA-MB-231 cells on three different organizational patterns of epitaxially grown collagen: aligned collagen fibrils of large width and height (Figure [1](#fig1){ref-type="fig"}A, pH 9.2, 200 mM KCl, 10 μg/mL collagen, 1.5 h incubation time), multidirectional collagen fibrils of large width and height (Figure [1](#fig1){ref-type="fig"}B, pH 7.5, 200 mM KCl, 100 μg/mL collagen, 3 h incubation time), and unpolymerized collagen (Figure [1](#fig1){ref-type="fig"}E, pH 4.2, 0 mM KCl, 100 μg/mL collagen, 3 h incubation time). (A) Montage of phase contrast images of MDA-MB-231 cells at different timepoints during migration. Calibration bar length = 30 μm. (B) Left: directionality and Right: cell migration speed of MDA-MB-231 cells. *N*~days~ ≥ 3 and *N*~cells~ ≥ 148. Error bars are 95% confidence intervals.](la-2014-03254x_0002){#fig5}

Comparison of Contact Guidance Behavior between Different Breast Cancer Cell Lines {#sec3.3}
----------------------------------------------------------------------------------

We were interested in whether this contact guidance behavior was universal or restricted to this one cell type, so we performed similar assays using the MTLn3 cell line, another commonly used breast cancer cell line. Both MDA-MB-231 and MTLn3 cells are basal or basal-like cells and adhere and migrate on collagen; however, there are several differences. First, MDA-MB-231 cells adopt more of a mesenchymal mode of migration in 3D environments compared to the amoeboid mode of migration that MTLn3 cells adopt.^[@ref47],[@ref48]^ In 2D environments, MTLn3 cells adopt a fan shaped morphology, whereas MDA-MB-231 cells are more spindle-like.^[@ref49]^ Finally, MDA-MB-231 cells exert roughly 10-fold higher traction forces than MTLn3 cells, resulting in more stable focal adhesions and F-actin bundles and slower 2D migrational speeds.^[@ref47],[@ref50],[@ref51]^ MTLn3 cells generated focal adhesions, assembled F-actin bundles, spread, and migrated on different organizational patterns of collagen (Figures [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}). However, MTLn3 cells did not elongate as readily as MDA-MB-231 cells (Figure [2](#fig2){ref-type="fig"}G and H compared to Figure [6](#fig6){ref-type="fig"}A and B) and showed no peak in cell orientation on highly aligned fibrils (Figure [2](#fig2){ref-type="fig"}I compared Figure [6](#fig6){ref-type="fig"}C). However, two peaks did occur on multidirectional fibrils (Figure [2](#fig2){ref-type="fig"}J compared with Figure [6](#fig6){ref-type="fig"}D). MTLn3 cells migrated more rapidly than MDA-MB-231 cells on aligned fibrils, but slightly more slowly on multidirectional fibrils (Figure [5](#fig5){ref-type="fig"}B compared to Figure [7](#fig7){ref-type="fig"}B). Both were statistically significant (*p* \< 0.05). Finally, MTLn3 cells did not interpret the aligned fibrils as a contact guidance cue (Figure [7](#fig7){ref-type="fig"}B). MDA-MB-231 cells had a much higher directionality than MTLn3 cells under both fibril organizational conditions (Figure [5](#fig5){ref-type="fig"} compared to Figure [7](#fig7){ref-type="fig"}). This is interesting, given that MTLn3 cells migrate directionally on microcontact printed lines of collagen on mica ([Supporting Information Figure 2](#notes-2){ref-type="notes"}) and glass.^[@ref17]^ Two different surface characteristics could lead to this. First, microcontact printed collagen is heterotrimeric and not assembled into collagen fibrils. It is possible that certain contact guidance sites for MTLn3 cells are masked when collagen assembles into fibrils. Second, the lines of collagen are sparser than the collagen fibrils used here and separated by less adhesive areas. When MTLn3 cells are faced with nonadhesive areas as in the microcontact printed lines, it is possible that this induces the contact guidance.

![Morphology and orientation of MTLn-3 cells under two organized collagen conditions: aligned collagen fibrils of large width and height (Figure [1](#fig1){ref-type="fig"}A, pH 9.2, 200 mM KCl, 10 μg/mL collagen, 1.5 h incubation time) and multidirectional collagen fibrils of large width and height (Figure [1](#fig1){ref-type="fig"}B, pH 7.5, 200 mM KCl, 100 μg/mL collagen, 3 h incubation time). (A) Cell aspect ratio was calculated for cells by examining F-actin images for conditions shown in Figure [1](#fig1){ref-type="fig"}A and B (A. (*N*~days~ = 5 and *N*~cells~ = 940) and B. (*N*~days~ = 2 and *N*~cells~ = 242)). Different gray values indicate arbitrary, evenly spaced cell aspect ratio ranges. Error bars are 95% confidence intervals. (B) Frequency fraction of cells within each aspect ratio range denoted with the same gray levels as shown in A. (C,D) Angle distributions of cells on for conditions shown in Figure [1](#fig1){ref-type="fig"}A,B with aspect ratios of \>1.3 (A. (*N*~days~ = 5 and *N*~cells~ = 468) and B. (*N*~days~ = 2 and *N*~cells~ = 94)). The gray bar corresponds to ∼60° spacing between peaks 1 and 2. (E) MTLn3 cells were plated on aligned fibrils of large width and height (Figure [1](#fig1){ref-type="fig"}A, pH 9.2, 200 mM KCl, 10 μg/mL collagen, 1.5 h incubation time) and multidirectional fibrils of large width and height (Figure [1](#fig1){ref-type="fig"}B, pH 7.5, 200 mM KCl, 100 μg/mL collagen, 3 h incubation time) and stained for Left: a focal adhesion marker, paxillin, and Right: F-actin. Calibration length = 30 μm.](la-2014-03254x_0003){#fig6}

![Migration behavior of MTLn3 cells on two different organizational patterns of epitaxially grown collagen: aligned collagen fibrils of large width and height (Figure [1](#fig1){ref-type="fig"}A, pH 9.2, 200 mM KCl, 10 μg/mL collagen, 1.5 h incubation time) and multidirectional collagen fibrils of large width and height (Figure [1](#fig1){ref-type="fig"}B, pH 7.5, 200 mM KCl, 100 μg/mL collagen, 3 h incubation time). (A) Montage of phase contrast images of MTLn3 cells at different time points during migration. Calibration bar length = 30 μm. (B) Left: directionality and Right: cell migration speed of MTLn3 cells. *N*~days~ ≥ 3 and *N*~cells~ ≥ 84. Error bars are 95% confidence intervals.](la-2014-03254x_0004){#fig7}

Several possibilities could explain the difference in contact guidance fidelity between MDA-MB-231 cells and MTLn3 cells. First, it is possible that altering the traction forces exerted by the cells on the substrate might change the directional fidelity. Traction force could act to align focal adhesions, therefore by increasing the traction force in MTLn3 cells, one might make more directional cells and by decreasing the traction force in MDA-MB-231 cells, one might make less directional cells. Second, it is possible that receptor expression could be different among the two cells leading to differences in directional fidelity. These experiments were conducted in serum, where multiple ECM proteins such as fibronectin and vitronectin can bind to the collagen. Perhaps differences in the usage of α~2~β~1~ (collagen) integrins vs α~5~β~1~ and α~v~β~3~ (fibronectin and vitronectin) integrins might mediate this response. Finally, Rho-family signaling has been linked to contact guidance. First, Rho and its downstream myosin light chain kinase, ROCK, are indeed important to contact guidance in 3D collagen matrices. However, this importance is related to the role of Rho and ROCK in collagen reorganization rather than a role in intrinsic ability to sense contact guidance cues. Indeed, inhibiting Rho and ROCK did not inhibit migration into prealigned collagen gels.^[@ref25]^ However, it is possible that Rho and ROCK regulate intrinsic contact guidance differently between 2D and 3D, making it a possible candidate to explain the differences between these cell types. In addition to Rho, Rac activity has been linked to directional migration.^[@ref52]^ Higher Rac activity results in more lateral protrusions and less directionally persistent migrational behaviors, whereas lower Rac activity inhibits lateral protrusions and results in more directionally persistent migrational behaviors. It is possible that Rac activity among the two different cell lines is different. Given that Rac activity differs in 2D and 3D environments, it will be interesting to determine if this difference in contact guidance holds for cells migrating in 3D collagen networks. The finding that different cell types interpret directional cues differently, even though they bind and migrate in response to those cues, might have a dramatic impact on cancer diagnosis. Robust reorganization and radial alignment of the collagen ECM around breast tumors has led others to suggest that these could be used as diagnostic markers. We believe this to be a good approach, but perhaps aligned collagen fibers are a necessary, but not sufficient signal that leads to cell migration and cancer metastasis.

Conclusions {#sec4}
===========

We demonstrated that the organization of collagen fibrils epitaxially grown on mica surfaces induces a variety of morphological and migrational behaviors depending on the specific organizational pattern of collagen. MDA-MB-231 cells that migrate using a mesenchymal mode of migration spread, elongated, oriented, and engaged in high fidelity contact guidance on the highly aligned fibrils of large width and height. As fibril organization became more random, cell orientation and contact guidance fidelity decreased. Interestingly, MTLn3 cells that migrate using an amoeboid mode of migration spread and somewhat elongated on aligned fibrils of large width and height, but did not engage in contact guidance, even though they robustly migrated. This work demonstrates that aligned collagen fibrils are a permissive, but not sufficient signal for contact guidance and that the migrational mode of different cells might impact whether a particular cell type senses directional cues such as contact guidance.

Two figures. This material is available free of charge via the Internet at <http://pubs.acs.org>.

Supplementary Material
======================

###### 

la503254x_si_001.pdf

The authors declare no competing financial interest.

The authors thank Carin Lightner and Ngoc Phan for protocol development and Laura Lara-Rodriguez for technical help. ICS acknowledges support from the Roy J. Carver Charitable Trust and the NIH/NCI (R03CA184575) for general project funding and from NSF ARI-R2 (CMMI 0963224) for funding the renovation of the research laboratories used for these studies. The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH. ACH acknowledges partial support by the National Science Foundation (CHE 1213582).

ECM

:   extracellular matrix

FFT

:   fast Fourier transform

3D
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